Study Design. Observational study with 3 examiners. Objective. The aim of this study was to enhance the reproducibility and reliability of coronal curvature measurements in early-onset scoliosis. Summary of Background Data. Previous reports show high variability of the Cobb method, especially on the measurement of the immature spine. Methods. A total of 115 whole-spine posteroanterior radiographs were collected to compare the reliability of the Cobb, lateral tangent, pedicle, and centroid methods in early-onset scoliosis. Radiographs were measured twice by each of the 3 examiners using the 4 measurement methods. Statistical analysis was performed to determine the inter-and intraobserver reliability. Results. In this study, total inter-and intraobserver inter-and intraclass correlation coeffi cients (ICCs) in 115 radiographs were excellent in all methods (ICCs > 0.961). However, mean absolute differences (MADs) in the lateral tangent method were less than 3.78 ° , which was higher than other methods (MADs < 2.95 ° ). In analysis of different severity groups ( < 15 ° , 15 ° -30 ° , and > 30 ° ), total inter-and intraobserver ICCs gradually increased with increasing the severity of the deformity, whereas MADs of each severity group were similar despite their increased measurement scale. Particularly, interobserver ICCs and MADs of lateral tangent method were more than 0.474 and less than 3.76 ° with poor reliability, which showed high variability in the less deformed spine group ( < 15 ° ). However, intraobserver ICCs and MADs of pedicle method were more than 0.853 and less than 2.61 ° , interobserver ICCs and MADs were more than 0.729 and less than 2.86 ° with excellent reliability, which showed constantly high reliability regardless of coronal curvature severity.
M easurement of the coronal curvature in patients with scoliosis is essential to evaluate the severity and the progress of their spinal deformity. The Cobb angle measurement has been used to document the curve progression, make treatment plans, and to evaluate outcomes. 1 , 2 As the treatment of patients with scoliosis is based on the degree of curvature, an accurate measurement is crucial to choose the best treatment option. Thus, reliability and reproducibility of the measurement method must be satisfactory to allow a comparison within and between observers and permit an accurate, treatment-directed assessment of individual patients. Historically, reliability and variability of the Cobb angle measurements have been reported. 3 -25 And the Cobb method has been shown to have high variability, especially on the measures of the immature spine. 8, 15, 19, 20, 26 Thus, several alternative methods have been proposed to improve the reliability in measuring the immature spine as infantile or juvenile scoliosis. Although the Cobb method is widely used, it is important to assess the accuracy, precision, and validity of the coronal curvature measures compared with other alternative measurement methods before this method can be used routinely. The aim of this study was to compare 4 different measurement methods to enhance the reproducibility and reliability of curvature measurements of early-onset scoliosis.
MATERIALS AND METHODS

Subjects
Subjects included 115 consecutive patients with infantile or juvenile scoliosis who had been diagnosed in 2006 to 2011. We included patients younger than 10 years to compare the accuracy of measurement methods in the immature spine. There were 28 male and 87 female patients, with the mean age of 7.8 years. According to the magnitude of the coronal curvature observed from the radiographs, subjects were divided into 3 groups. Group 1 included 38 patients who had less than 15 ° , group 2 included 43 patients who had 15 ° to 30 ° , and group 3 included 34 patients who had more than 30 ° of coronal curvatures.
Radiographical Measurements
The whole-spine posteroanterior radiographs were obtained at a standard tube-fi lm distance of 180 cm, with the central ray targeting at the T6-T7 area. The patients held onto a vertical pole with their hands at elbow level to keep the upper extremities from projecting over the spine. Whole-spine posteroanterior radiographs without markings were submitted in a random order to each of the 3 observers. Each observer measured the 115 radiographs twice with an interval of 2 weeks to minimize the effect of memory. Using 4 different radiographical methods, a total of 920 measurements were taken for each of the 4 different radiographical methods. All measurements were performed using computer-based digital radiograph on a picture-achieving computer system (PiView-STAR, Infi nit, Korea). These 4 methods are defi ned in Figure 1 and listed below:
1. Cobb method: Angle made by a line drawn along the upper and lower endplates of the upper-end and lower-end vertebrae. 2. Pedicle method 26 : Angle made by a line drawn along the upper and lower borders of both pedicles of the upper-end and lower-end vertebrae. 3. Lateral tangent method 10 -12 , 14 , 16 : Angle made by lateral tangent lines, which are drawn through the lateral border of the upper-end and lower-end vertebrae. We applied the similar method with modifi cation of the posterior tangent method, which has been proposed by several authors. 4. Centroid method 4 , 10 , 11 , 15 : Angle made by intersections of the vertebral body "centroids," which are made by the intersections of the body diagonals using all 4 vertebral body corners.
Statistical Analysis
All statistical calculations for the reliability results of the outcome were performed with the assumption that measurements were crossed with the examiner and the patient. Observers were chosen at random. The inter-and intraobserver reliability of all 3 observers' 2 sets of measurements was calculated using the inter-and intraclass correlation coeffi cients (ICCs). The mean absolute difference (MAD) was calculated to determine the variability of the measurement. SPSS 13.0 (SPSS Inc., Chicago, IL) was used for statistical analysis, and the ICCs were considered to be in the excellent range by Shrout and Tables 1 and 2 list the overall means, standard deviations, ICCs, 95% confi dence intervals, and MAD of outcome measures in 115 radiographs, provided for the Cobb, pedicle, lateral tangent, and centroid methods. Total intraobserver ICCs of the 4 methods were more than 0.979 with excellent reliability ( Table 1 ) . However, MADs in lateral tangent method were less than 2.53 ° , which was higher than other methods (Cobb < 1.89 ° , pedicle < 1.84 ° , and centroid < 2.07 ° ). Total interobserver ICCs of the 4 methods were more than 0.961 with excellent reliability ( Table 2 ). However, MADs in lateral tangent method were less than 3.78 ° , which was higher than other methods (Cobb < 2.60 ° , pedicle < 2.68 ° , and centroid < 2.95 ° ). Tables 3 and 4 list outcome measures of each of the 115 radiographs subdivided by the coronal curvature severity (groups 1, 2, and 3; < 15 ° , 15 ° -30 ° , and > 30 ° ).
RESULTS
In terms of intraobserver reliability, ICCs of groups 1, 2, and 3 gradually increased with increasing severity of the coronal curvature ( > 0.657, > 0.822, and > 0.980, respectively). However, MADs of groups 1, 2, and 3 were similar between the severity groups ( < 2.87 ° , 2.48 ° , and < 2.18 ° ), despite their increased scale that measured. The intraobserver ICCs of the 4 methods in group 3 ( > 30 ° ) were more than 0.980 with excellent reliability ( Table 3 ) . MADs were less than 2.87 ° in the 4 methods. ICCs in group 2 (15 ° -30º) were more than 0.822 with excellent reliability, and MADs were less than 2.48 ° in the 4 methods. However, the ICCs of the pedicle method in group 1 ( < 15 ° ) were more than 0.853 with excellent reliability, which was higher than the other 3 methods ( > 0.657), although MADs were similar ( < 2.18 ° ) in the 4 methods. In terms of interobserver reliability, ICCs of groups 1, 2, and 3 gradually increased with increasing severity of the coronal curvature ( > 0.400, > 0.582, and > 0.657). MADs of groups 1, 2, and 3 were similar between the different severity groups ( < 3.04 ° , < 3.63 ° , and < 3.62 ° ), despite increased measurement scale. The interobserver ICCs of 4 methods in group 3 ( > 30º) were more than 0.956 with excellent reliability ( Table 4 ) . And MADs were less than 3.76 ° in 4 methods, which showed the highest value in the lateral tangent method. In addition, ICCs of the lateral tangent method in group 2 (15 ° -30º) were more than 0.582, which was lower than ICCs of other methods ( > 0.771), and MADs were less than 3.63 ° in the 4 methods, which showed the highest value by the lateral tangent method. However, ICCs of pedicle method in group 1 ( < 15 ° ) were more than 0.729 with excellent reliability, which was higher than the other 3 methods ( > 0.500). In addition, MADs in the pedicle method were less than 1.91 ° , a lower value than others ( < 3.04 ° ).
DISCUSSION
More precise diagnosis and evaluations of scoliosis are now possible with the improvements in the image analysis and picture-achieving computer systems. A precise measurement of the spine curvature is essential to choose the best treatment plan for patients with scoliosis. 1 , 15 Measurement of the Cobb angle in scoliosis has been accepted as the standard radiograph evaluation technique and has been most frequently used by clinicians for assessing spinal curvatures. However, high variability in the Cobb method, especially in younger patients, was reported. 3 , 4 , 6 -26 Even when measuring young congenital scoliosis, Loder et al 20 reported an interand intraobserver variance of 11.8 ° and 9.6 ° , when using the Cobb method. In another study of noncongenital scoliosis in 64 children younger than 10 years, the variance using the Cobb method was 7 ° . reliability with the vertebral centroid method than the Cobb method, with high ICCs and lower MADs. In this study, total inter-and intraobserver ICCs in 115 radiographs were excellent in all methods (ICCs > 0.961). However, MADs in the lateral tangent method were less than 3.78 ° , which was higher than other methods. In addition, in analysis of different severity groups, interobserver ICCs of the lateral tangent method were more than 0.474 with lower reliability, and MADs were less than 3.76 ° , which showed high variability in the less deformed spine (group 1, < 15 ° ). It seems that the lateral tangent method may be less reliable in measuring the immature spine with lower ICCs and higher MADs. In early-onset scoliosis with the immature spine, we commonly encountered a concave-shaped lateral margin that may interfere the accuracy of the lateral tangent measurement ( Figure 2A ). The lateral wall of vertebrae is not straight but rather concave and curved one. Therefore, it was diffi cult to defi ne the bony landmark. In this situation, it is hard to draw a line against the lateral wall of the vertebra. In addition, it can decrease the reliability of the centroid method which uses the "vertebral centroid" made by intersections of 4 corners of the vertebral body. 4 , 15 Considering that the main strong point of the centroid method is the use of a "centroid" instead of the blurred endplate, marginal convexity in the immature spine may produce higher variability ( Figure 2B ). This explains why the ICCs of the centroid methods were lower (ICCs > 0.510) and the MADs were higher (MADs < 2.95 ° ) than the pedicle method, because this often demonstrates aggressive progression that should be treated earlier. 28 Thus, several groups have tried to fi nd reliable coronal curvature measurement methods with early-onset scoliosis. 15 , 26 Mehta et al 26 compared the Cobb method with the pedicle method with varying degrees of scoliosis, and they reported improved single ICC values for all observers for younger than 7-year-old groups using the pedicle method. Hong et al 15 compared the reliability between the Cobb method and the vertebral centroid method, and they reported improved interobserver reliability with the vertebral centroid method in the immature spine. However, a comparison and systematic analysis of methods to measure immature scoliosis have been lacking and thus much needed. Therefore, we compared 4 previously proposed measurement methods and evaluated their reliability in making measurements in patients with early-onset scoliosis.
Harrison et al 11 compared the Cobb, centroid, posterior tangent, and tangential radiological assessment of lumbar lordosis methods for an analysis of segmental and global lumbar lordosis, and they concluded that these methods were acceptable on account of their high ICCs and very low MAD values. Low MAD value means the low interobserver differences between measures. They suggested that high ICCs and low MAD values indicate high reliability and proposed that the MAD value can be used for an error analysis. Recently, Chen 4 compared the reliability between the Cobb method and the vertebral centroid method and reported a better interobserver that the pedicle method may be the most accurate measurement method in early-onset scoliosis regardless of coronal curvature severity, which is different from other methods. Several explanations exist for the better results of the pedicle method. The vertebral endplates in younger children may show convex shape with less distinct end points compared with the more distinct vertebral landmarks in older children, whereas the pedicle may be prominent regardless of age. 26 In addition, the vertebral tilt may cause a similar diffi culty in identifying bony landmarks of endplates. It also explains the lower ICCs ( > 0.500) of the Cobb method in this study. However, in the pedicle method, an examiner can easily determine the reference points on the pedicle. Once the reference line is located by drawing a line between the pedicles, the angle is determined as easily as the Cobb angle ( Figure 2C ). Obviously, any irregularity of the endplate would not change angle measures in pedicle method. Consequently, although the Cobb method is more commonly used and convenient to surgeons, and several alternative methods were proposed in measures of immature although the centroid method showed good reliability with adolescent idiopathic scoliosis measures in other studies. 4 , 15 In this study, total intraobserver ICCs of groups 1, 2, and 3 gradually increased with increasing severity of the coronal curvature ( > 0.657, > 0.822, and > 0.980), and total interobserver ICCs gradually increased with increasing severity of the coronal curvature ( > 0.400, > 0.582, and > 0.657). It seems that small degree of measurement difference between observers ( e.g. , 1 ° ) may produce higher variability in less deformed spine due to smaller magnitude of coronal curvature that measured ( < 15 ° vs . 15 ° -30 ° and > 30 ° ). Consequently, the Cobb, lateral tangent, and centroid methods showed decreased reliability in less deformed spines. However, in the analysis of different severity groups, inter-and intraobserver ICCs of pedicle method were more than 0.729 with excellent reliability, and MADs were less than 2.86 ° , which showed highest reliability regardless of curvature severity. In addition, total inter-and intraobserver ICCs in 115 radiographs were excellent in the pedicle methods (ICCs > 0.976 and MADs < 2.68 ° ). It seems spine and surgeons may have their own alternative method, we suggest using the pedicle method to measure early-onset scoliosis with high reliability in any conditions. This method can increase the treatment accuracy and analysis of coronal curvatures in patients with infantile or juvenile scoliosis, and we should be cautious on the use of other methods in the less deformed spine that showed high variability.
CONCLUSION
In this study, the pedicle method showed constantly higher ICCs and lower MAD values in all measures regardless of severity. However, other methods showed less reliability that was dominant in the less deformed spine, especially the lateral tangent method that showed lower ICCs and higher MAD values. For improved treatment of scoliosis in immature patients, we need a more reliable measurement method, and we recommend the pedicle method for measuring early-onset scoliosis regardless of severity.
➢ Key Points
High variability in the Cobb method has been reported, especially in younger patients; however, comparison and systematic analysis of alternative methods to measure early-onset scoliosis have been lacking and thus much needed. We compared 4 previously proposed measurement methods and evaluated their reliability in making measurements in patients with early-onset scoliosis. Pedicle method showed constantly higher ICCs and lower MAD values in all measures, and we recommend the pedicle method for measuring early-onset scoliosis regardless of severity.
